Aim: Visualization of Staphylococcus aureus biofilm using histochemical staining and combined histochemistry (HC) and immunohistochemistry (IHC). Methods: The ability of S. aureus S54F9 to form biofilm was tested in vitro. Hereafter, infected bone tissue was collected from two different porcine models of osteomyelitis inoculated with S. aureus strain S54F9. The infection time was five and fifteen days, respectively. Twenty-five different histochemical staining protocols were tested in order to find the stains that could identify extracellular biofilm matrix. Protocols with an optimal visualization of biofilm extracellular matrix were combined with an immunohistochemical protocol based on a specific antibody against S. aureus. The combined protocols were applied to the tissue from the porcine models and to infected bone tissue from a child suffering from chronic staphylococcal osteomyelitis for more than a year. Results: S. aureus S54F9 showed an ability to form biofilm in vitro. Visualization of biofilm, i.e. bacterial cells and extracellular matrix in different colours, was seen when the immunohistochemical protocol was combined with Alcian Blue pH3, Luna and Methyl-pyronin green. The bacterial cells were red to light brown and the extracellular matrix either light blue, blue or orange depending on the histochemical stain. In the porcine models and the human case 10 and 90 percent, respectively, of the bacterial aggregates in a 100x magnification field displayed both the extracellular matrix and the bacterial cells simultaneously in two different colours. Conclusions: A combination of HC and IHC can be used to diagnose and characterise biofilm infections on a routine basis.
Introduction
Bacterial biofilms are microbial derived communities, characterized by aggregates of bacterial cells that are attached to a substratum/interface or to each other and embedded in a matrix of extracellular polymeric substances [1] [2] [3] . Furthermore, the bacteria exhibit an altered phenotype in regard to growth, gene expression and protein production [2, 3] and show increased tolerance towards antibiotics and the host immune system [3] . In most in-vitro biofilms, the bacteria account for less than 10 % of the dry mass, whereas the extracellular matrix can account for more than 90 % [4] . The extracellular matrix of a biofilm is composed of molecules produced both by the bacteria and the host and includes polysaccharides, structural proteins, enzymes, nucleic acids and lipids [4] . All the different molecules have specific roles in favour of the
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International Publisher survival and growth of the embedded bacteria (Table  1 ) [4] . Despite extensive research focusing on bacterial biofilms, a comprehensive analysis of which histochemical stains that can identify the components of the extracellular biofilm matrix is lacking. Therefore, pathologists are often not aware of the presence of biofilm formation when examining slides for diagnosing bacterial infection in routine diagnostic laboratories. Table 1 . Function of major components of extracellular matrix (ECM) in bacterial biofilms, modified from [4] . Biofilm formation facilitates bacterial tolerance to elimination by antimicrobial agents, host phagocytic clearance and host oxygen radicals and proteases [5] . Therefore, biofilms are difficult to eradicate and present in many chronic diseases like cystic fibrosis, chronic wounds and orthopaedic infections [3] . In orthopaedics, biofilm has been identified inside necrotic bone tissue and on the surface of orthopaedic implants [4] . Staphylococcus aureus is one of the most common infectious agents in orthopaedics [5] . Recently, the porcine S. aureus strain S54F9 spa type t1333, originating from a porcine lung abscess [6] , was characterized by whole-genome sequencing [7] . The strain has been used in various reproducible and discriminative porcine models of haematogenous osteomyelitis [8] , implant-associated osteomyelitis [9] , endocarditis [10] and sepsis [11] . Due to the infectious potential of S. aureus S54F9, its in-vitro production of biofilm was tested in the present study. Furthermore, histochemical stains, alone or combined with immunohistochemistry (IHC), were applied to tissue from experimental S. aureus S54F9 bone infections in pigs [8, 9] and from a clinical S. aureus bone infection [12] in order to demonstrate S. aureus biofilm using light microscopy.
Materials and methods

In vitro biofilm formation
The ability of S. aureus S54F9 to form biofilm was tested in a microtiter biofilm assay system as described by O'toole [13] . Both S. aureus S54F9 and S. aureus RN4220 (a reference strain) [14] were diluted to a final cell density of OD 0.005 in TSB (Sigma, USA) with 1% glucose. Of this solution, 150 µl was applied to each well of a 96-well microtiter plate (Thermo Fisher, USA). Plates were incubated for 24 hours at 37˚C. After incubation the content was gently removed by inverting the plate. The wells were gently rinsed by adding 200 µl saline (0.9%) to each well. In order to fixate biomass, 180 µl methanol (Sigma, USA) was added to each well for 15 min. For staining, 180 µl Crystal Violet solution (CV) (Sigma, USA) was applied to the wells for 15 min. Two wells were left unstained for microscopy. The CV solution was removed by inverting the plate. Residue CV was removed by gently rinsing each well with 200 µl saline (0.9%). The plate was air-dried at room temperature. Bound CV was expelled by incubating the plate in 180 µl 96.5% (V/V) EtOH for 15 min. The intensity of the CV staining was evaluated by OD measuring at 594 nm on a VictorX4 plate reader (Perkin Elmer, USA). A t-test was used to show differences in OD measurements between the two S. aureus strains. For confocal microscopy, biofilm in the two CV unstained microtiter wells was stained with 0.3mM Syto9 (Molecular Probes, USA) and incubated for 15 min. Microscopy was performed using an inverted Zeiss LSM 880 confocal microscope running the program Zen 2.1 (Ziess, Germany). Images were obtained with a 488 nm laser with an emission peak at 498-501 nm by using a 10x/0.3 and a 63x/1.4 objective. 3D projections of these images were produced using the program Imaris (Bitplane, Switzerland).
Sampling of porcine bone tissue
Two blocks of formalin-fixed, decalcified and paraffin embedded porcine infected bone tissue were used [9] . The first block contained tissue from a female pig inoculated with 10 4 CFU of S. aureus S54F9 locally in the right tibia followed by insertion of a small steel implant (2x15 mm). The pig was euthanized following five days of inoculation [9] . The tissue block included the implant cavity and the surrounding infected metaphyseal (trabecular) bone tissue ( Figures 1A + 1B) . The second block originated from a female pig inoculated with 10 4 CFU/kg BW of S. aureus S54F9 into the right femoral artery [8] . This pig was euthanized following 15 days of inoculation [8] . The tissue block was sampled from a bone lesion in the distal metaphysis of the right femur ( Figures 1C  + 1D ).
Sampling of human bone tissue
One block of formalin fixed, decalcified and paraffin embedded infected bone tissue from a 5 year-old boy with chronic, haematogenous osteomyelitis in the right femur, lasting for more than one year, was used [12] . The block had been sampled during therapeutic surgery and contained a large cortical sequester ( Figures 1E + 1F ). Microbiological testing demonstrated S. aureus as the infecting organism [12] .
Histochemistry (HC)
Tissue sections of 4-5 µm from each of the two cases of porcine osteomyelitis and from the human case of osteomyelitis were stained with haematoxylin and eosin (HE). The HE stained sections of the lesions were used to describe the pathomorphology with regards to bone destruction, inflammatory cells and localization of bacteria. Furthermore, 25 consecutive sections of 4-5 µm were cut from both blocks of porcine tissue and stained with the HC stains listed in Table 2 . For all stains, the colour of bacterial clusters and the ability to visualize an extracellular biofilm matrix were recorded. Furthermore, the level of contrast between the colour of the bacterial clusters and surrounding tissue (background) was scored: poor contrast (+), fair contrast (++), good contrast (+++). 
Immunohistochemistry (IHC) towards S. aureus
Porcine and human tissue sections of 4-5 µm were prepared and processed for indirect in situ identification of S. aureus. Primary S. aureus specific antibodies (ab37644, Abcam, Cambridge, UK, diluted 1:2000 in 5% swine serum) targeting at antigen protein A were used. The specific protocol has recently been described (see also next section) [19] . The three smallest and three largest (diameter) IHC positive bacterial aggregates were measured using the software Delta Pix Insight (Smørum, Denmark).
Combined IHC and HC
HC stains demonstrating extracellular biofilm matrix and good contrast to the surrounding tissue (Table 2 ) were selected to be combined with IHC towards S. aureus. Consecutive tissue sections of 4-5 µm from the porcine and human tissue blocks were mounted on adhesive glass slides (Thermo Scientific, Menzel GmbH & CoKG, Baunschweig, Germany). Following deparaffinization, antigen retrieval procedures were carried out by treatment with a Trypsin solution (Sigma-Aldrich, St. Louis, Missouri, USA) pH 7.8 for 30 min at 37 ºC. This was followed by blocking of endogenous peroxidase by 0.6% H2O2 for 15 min and blocking of unspecific protein binding by Ultra V Block (AH-diagnostics, Aarhus, Denmark) for five min. Tissue sections were incubated with the primary antibodies overnight followed by the application of a primary antibody enhancer, horseradish peroxidase polymer and aminoethylcabazol/3,3'-diaminobenzidine as described by the manufacturer (AH-diagnostics, Aarhus, Denmark). Throughout the immune-staining protocol, tissue sections were washed in Tris-buffered saline pH 7.6. After the IHC steps, the HC protocols with good contrast (Table 2) were applied, and all tissue sections were mounted with glycerol-gelatin and a cover slip. For each of the porcine and human tissue sections stained with the combined IHC and HC protocols, the number of bacterial aggregates with and without a visible biofilm matrix were registered in a 100x magnification field.
Image analysis
Combined IHC and HC stained porcine and human tissue sections were scanned using Zeiss Axio Scan.Z1 at a 10x objective and imported into Visiopharm Integrator System 4.6.857. The Visiopharm software was trained to recognize and stain positive areas of S. aureus (yellow) and extracellular matrix (purple). Pre-processing median filters for red/green/blue bands and the bayessian classification method were applied to improve image quality and recognition ability. On each tissue section, a representative bacterial aggregate demonstrating both bacterial cells and extracellular matrix was outlined. The Visiopharm software was used to identify and calculate the percentage of S. aureus and extracellular matrix positive areas within the outlined bacterial aggregate.
Results
In vitro biofilm formation
S. aureus S54F9 produced the same amount (P = 0.4693) of attached biomass as the known biofilm producing strain RN4220 (Figure 2A) . A dense layer of biomass was visible in the bottom of the microtiter trays wells. At a higher magnification (630x), a compact layer of coccid bacteria comparable to S. aureus was seen ( Figure 2B ) [13, 20] . 
Histochemistry
The porcine (5 day) tibial lesion consisted of necrotic trabecular bone debris, intermingled with accumulations of neutrophilic granulocytes and bacterial aggregates ( Figure 1B) . The porcine (15 day) femoral lesion consisted centrally of sequestered trabecular bone tissue with empty lacuna. The dead bone tissue was surrounded by neutrophilic granulocytes and aggregates of bacteria ( Figure 1D ). Macrophages and fibroblasts encapsulated the area ( Figure 1D ). The human tissue consisted of necrotic cortical bone tissue. The lamellar cortical bone structure could be observed in the sequestrum, and aggregates of bacteria and few inflammatory cells were located within Volkmann canals and the Haverisian system ( Figure 1F ). In the porcine tissues, six HC stains (Table 2) revealed the presence of an extracellular biofilm matrix and good contrast to the surrounding tissue ( Figures 3B-F, Table 2 ). 
Immunohistochemistry towards S. aureus
IHC staining towards S. aureus successfully demonstrated the presence of S. aureus in both porcine and human bone tissue ( Figure 3A) . Positive S. aureus bacteria were stained red. The size of the three smallest and three largest bacterial aggregates are shown in Figure 4A .
Combined immunohistochemistry and histochemistry
Of the six HC stains with good contrast and visible biofilm matrix, Alcian blue pH 3, Luna and Methyl green-pyronin (Table 2) were found to be optimal for combination with IHC. The remaining three good HC stains, i.e. Safranin O, Giemsa and Gram (Table 2 ) resulted in purple or blue bacterial aggregates which combined with IHC resulted in a brown indefinite mass. Alcian blue pH3, Luna or Methyl green-pyronin combined with IHC stained the bacterial cells red to light brown and the extracellular matrix light blue, blue or orange, respectively ( Figures  3M-O) . Extracellular matrix and bacteria were simultaneously seen in 3-10 % and 80-100 % of the bacterial aggregates in the porcine and human bone tissue, respectively (Figures 4B-D) . For the single representative bacterial aggregates used to determine the bacterial cell/extracellular matrix ratio, a higher ratio of extracellular matrix than bacterial cells was seen in the human tissue compared to the two porcine models ( Figure 4E and Figure 5 ). 
Discussion
Biofilm is typically found in chronic infections, which means that the infection persists despite adequate antibiotic therapy and host immune defence mechanisms [21] . Therefore, increased focus has been on diagnosing and treating bacterial biofilm infections [21] . In the present study, S. aureus S54F9 showed the ability to form biofilm in vitro. The histochemically stained bacterial aggregates seen in the porcine osteomyelitis models (inoculated with S54F9), therefore, likely represent in vivo biofilm produced by S. aureus S54F9. Likewise, the HC and IHC double coloured bacterial clusters seen in the human tissue also represent biofilm produced by S. aureus.
Recently, ESCMID (European Society for Clinical Microbiology and Infectious Diseases) published guidelines for diagnosing biofilm infections [21] . According to these guidelines, biofilm detection requires that tissue microscopy shows evidence of an infective process, such as the presence of leucocytes, and that the microorganisms present form aggregates embedded in a self-produced matrix distinct from the surrounding tissue [21] . These requirements were achieved with the present combination of HC and IHC staining's for light microscopy. Light microscopy is one of the most common methods by which bacteria are demonstrated in tissue [22] . Bacteria can be visualized in routine HE stains, although a disadvantage of HE staining is that haematoxylin stains all nucleic acids, which may make it difficult to distinguish microbial cells from host cells [22] . To specifically detect bacteria with HC stains, the Gram stain can be used [15] . HC stains are commonly used to demonstrate different molecules in tissue sections based on chemical properties. Therefore, it is reasonable to suggest that the biofilm extracellular matrix can be visualized by different HC stains due to its content of carbohydrates, proteins, lipids and nucleic acids (Table 2) . A limited number of studies demonstrating bacterial biofilm by HC and light microscopy exists [23] [24] [25] . In these studies, PAS, Giemsa, Gram or HE stains have been applied to demonstrate bacterial biofilms [23] [24] [25] . Also more advanced microscopic techniques have been used to visualize biofilm, e.g. confocal laser scanning microscopy, fluorescence microscopy, scanning electron microscopy, and transmissions electron microscopy [26] . A combination of confocal microscopy and reverse transcriptase-polymerase chain reaction has been described as a powerful tool for detection of biofilms in operative tissue specimens [27] . Confocal laser scanning microscopy and electron microscopy are, however, specialized and time consuming techniques based on equipment not generally available in diagnostic laboratories [28] .
Although the present combinations of HC and IHC protocols were able to demonstrate biofilm formation by S. aureus, a negative result can not exclude the presence of biofilm. Furthermore, one should be aware of the fact that extracellular biofilm matrix components differ amongst different bacteria and bacterial strains. In a clinical situation, a combined staining technique can not be applied before the results of microbiology are available in order to select adequate antibodies for IHC. Therefore, the introduction of combined HC and IHC staining, as demonstrated in this study, is not useful in facilitating fast histopathological diagnosis of infections. However, it is useful for facilitating the demonstration of bacterial biofilm formation, which may impact the selected treatment protocol. Histologically, diagnosis of bone infection should not rely only on bacterial identification, but also on the patho-morphology present.
Biofilm extracellular matrix components include polysaccharides, lipids, proteins and extracellular DNA ( Table 1 ). The light blue colour of the biofilm matrix seen with the Alcian Blue pH3 stain is due to a chemical reaction with polysaccharides. The blue and orange colours of biofilm matrix seen with Luna and Methyl-green pyronin, respectively, are due to haematoxylin and methyl-green which both stain nucleic acids. Extracellular DNA has been identified as a major structural component in the biofilm matrix of S. aureus, whereas it is only a minor component of biofilm formed by S. epidermidis [29] . In a review concerning biofilm formation in vivo, it was recently shown that tissue biofilm aggregates in chronic infections of humans, including orthopaedic infections, despite anatomical location and type of bacteria involved have an upper size limit of approximately 200 µm [30] . None of the measured bacterial aggregates in the present study exceeded this limit. According to Bjarnsholt et al. [30] and Parsek et al. [31] the human osteomyelitis case of the present study fulfils all criteria for a biofilm infection. This includes tissue adherent pathogenic bacteria found in clusters with a diameter within the range of ~5-200 µm [30] , infection localized to a particular anatomic site and persistent infection despite exposure to antibiotics [30] .
Conclusion
• The porcine S. aureus strain S54F9 has the ability to form biofilm both in vitro and in vivo and is, therefore, a reliable agent to be used in animal models of human chronic infectious diseases caused by S. aureus.
• A combination of HC and IHC can be used to diagnose and characterise biofilm infections. Furthermore, a list of how biofilm is stained by histochemical stains available in most routine diagnostic laboratories is provided.
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